The aim of the study was to assess the applicability of asymptotic functions for determining the value of CN parameter as a function of precipitation depth in mountain and upland catchments. The analyses were carried out in two catchments: the Rudawa, left tributary of the Vistula, and the Kamienica, right tributary of the Dunajec. The input material included data on precipitation and flows for a multi-year period 1980-2012, obtained from IMGW PIB in Warsaw. Two models were used to determine empirical values of CN obs parameter as a function of precipitation depth: standard Hawkins model and 2-CN model allowing for a heterogeneous nature of a catchment area.
INTRODUCTION
Proper estimation of direct runoff in an ungauged catchment is crucial for design of flood protection objects. It is usually based on rainfall-runoff models that use the intensity of an effective rainfall as input data. The Soil Conservation Service Curve Number (SCS-CN) method [29] , (now National Resources Conservation Service NRCS) is one of the most popular methods for computing the surface runoff depth for a given rainfall event from small catchments [17] , [30] . This method represents an event-based lumped conceptual approach [33] . The SCS-CN is a very simple and easy to apply method developed for predicting surface runoff from hortonian overland flow dominated catchments. The primary reason for its wide applicability and acceptability is the fact that it accounts for major runoff generating catchment characteristics, namely soil type, land use/treatment, surface condition and antecedent moisture condition [1] , [4] , [5] , [10] , [16] , [19] , [25] . The CN values can be obtained from tables according to NEH4, however, CN estimation based on real data from local or nearby similar catchments is preferable [28] .
Although several modifications to this method have been suggested and reported in literature [6] , [14] , [19] , [31] , further improvements are still needed. The greatest limitations of the original NRCS CN method are as follows. The three AMC levels used with this method permit unreasonable sudden jumps in CN and hence, corresponding sudden jumps in the computed runoff are possible, there is a lack of clear guidance on how to vary antecedent moisture conditions, and there is no explicit dependency between the initial abstraction and the antecedent moisture [26] . As mentioned in numerous studies [3] , [15] , [25] , CN, according to SCS, is significantly different from the one calculated empirically, based on the recorded rainfall-runoff events. Hawkins [11] claimed that runoff values obtained from the SCS-CN method were extremely sensitive to changes in CN and it was difficult to accurately select CN from available handbook tables. CN is estimated most successfully for traditional agricultural catchments while the assessments for semiarid rangelands and for forest catchments are not as successful [31] . Secondary systematic correlation usually emerged in the catchments between the calculated CN and the rainfall depth. In most catchments, the calculated CN approached a constant value with increasing rainfall depth.
Many designers unknowingly use the original method in their hydrological calculations, which may result in a significant underestimation of the actual flood parameters [14] . Therefore, it seems necessary to verify the application of the SCS-CN approach in local conditions to reduce the uncertainty of modeling results and to promote more common use of this method in practice.
The aim of the study was to assess the applicability of asymptotic functions for determining the value of CN parameter as a function of precipitation depth in mountain and highland catchments. The study was carried out for two catchments located in the south of Poland: the Rudawa and the Kamienica. It was aimed at verification of three following research hypotheses. The first one was whether the use of asymptotic functions enables to determine empirical values of CN parameter that are much more accurate for the assessment of surface runoff formation than CN values yielded by the original method, the second was whether CN parameter significant correlates with precipitation depth, and the last one was whether in the catchments of diversified land use, empirical values of CN parameter determined with 2-CN method provide better results than CN defined as a weighted average value for the entire catchment.
MATERIALS AND METHODS
The study involved two catchments located in the upper Vistula river basin: the Rudawa, left tributary of the Vistula, and Kamienica, right tributary of the Dunajec (Fig. 1) . As far a high flows are concerned, the hydrological regime of the investigated catchments is free from anthropogenic pressure.
The Basic catchment characteristics are presented in Table 1 .
The initial data on measured precipitation and storm event runoff values for the analyzed catchments were obtained from the Institute of Meteorology and Water Management, National Research Institute in Warsaw, Poland. Twenty-four-hour time step data were used for both the precipitation and runoff recorded in the years 1980-2012. The runoff data were measured at the river gauging stations located in the catchments, i.e., Łabowa for the Kamienica river and Balice for the Rudawa river. Areal curve reduction method was used to assess the average precipitation [33] . Before the actual analysis, individual storm event hydrograph data were separated into the base flow and direct runoff by drawing a straight line on a hydrograph from the point where the flow starts to increase to the point on the descending part where the direct runoff ends [21] . This procedure allowed to determine the actual amount of the direct runoff layer for individual episodes.
A general form of the SCS-CN model is expressed by the following equations: 
where: Q -direct runoff (mm), P -total precipitation (mm), I a -initial abstraction (mm), S -potential maximum retention (mm) and λ -initial abstraction coefficient (dimensionless). The parameter S is expressed as:
where S is expressed in mm and CN is the curve number which depends on the soil type, land cover and land use, hydrological conditions, and antecedent moisture condition (AMC). The measured P and Q values for each catchment were sorted separately and realigned on a rank order basis to form P-Q pairs of equal return period, following the frequency matching technique [11] .
Observed values of curve number, CN obs , were determined based on the P-Q pairs. The following equation was used to calculate the real value of potential maximum retention S obs [7] :
where: P -total precipitation amount causing flow 
However, even when the CN is determined from measured P-Q data, the CN values calculated with Eq. (5), in fact, vary significantly from storm to storm on any catchment. For this reason, to estimate a single CN value describing the catchment in terms of measured runoff data, two models based on asymptotic functions were proposed: Hawkins model [11] and 2-CN model [27] .
Standard asymptote model described by Hawkins [11] is summarized by the following formula:
, (6) where:
CN ∞ -constant value approached as P → ∞, k -fitting constant.
In most catchments, these calculated CNs approached a constant value with increasing rainfall depth that was assumed to characterize the catchment [11] , [27] . The three different patterns of CN-P relationship can be described as follows: "standard be- havior" when small rainfall depths correspond to greater values of calculated CNs which decline progressively along with increasing storm size, approaching a stable, nearly constant asymptotic CN along with increasingly larger storms; "complacent behavior" when the observed CN declines steadily within increasing rainfall, with no appreciable tendency to approach a constant value; and "violent behavior" when the calculated CN has an apparent constant value for all rainfall depths, except for very low rainfall depths, where CN suddenly increases.
In the next paragraph the CN concept [27] was described.
The idea of dividing the catchment into two homogeneous sub-areas originated from the following research hypothesis that during a rainfall event the surface runoff is first formed in the areas characterized by lower permeability, i.e., smaller storage capacity. Then, when the rainfall event continues, the runoff is also formed in the permeable areas. The maximum runoff is observed when the flow occurs throughout the catchment area. Considering the above, the amount of runoff from two homogeneous areas can be calculated based on the following relationships:
The empirical P-CN obs relationship was approximated with the modified SCS-CN method (model 1), using the following equation [27] :
where S a and S b are the potential maximum retention values corresponding to the two homogeneous sub-areas characterized by CN a and CN b values respectively, a is an area fraction of the catchment with CN = CN a , then (1 -a) is the area fraction of the catchment with CN = CN b , Q a and Q b were determined based on equations (10) and (11) . The parameters subjected to optimization in this model were CN a and CN b . Parameter a was identified by an analysis of main land cover using GIS.
To investigate the consequences of spatial variability on the CN vs. P relationship in the catchment, a simplified approach was adopted. First, the catchment was divided into two areas characterized by relatively similar land use. Then, two CN values CN a and CN b , with CN a > CN b , were determined for these areas. If a denotes the area fraction of the catchment with CN = CN a , then (1 -a) is the area fraction of the catchment with CN = CN b . It seems obvious that CN must be treated as constant for a relatively homogeneous soil-cover complex [31] .
To determine the amount of initial abstraction, all calculations were performed for various values of λ. In the present study, the model performance was assessed with root mean square error (RMSE), Nash-Sutcliffe model efficiency (EF) [20] . RMSE and EF were expressed as below:
where RMSE is expressed in mm, EF is dimensionless. Q obs is the observed storm runoff [mm], Q calc is the calculated runoff [mm], obs Q is a mean of the observed runoff values in the catchment, N is the total number of rainfall-runoff events, and i is an integer varying from 1 to N. Tables 2-4 show basic characteristics of rainfallrunoff events in the analyzed catchments. The calculations of CN parameter allowed for two coefficients of initial abstraction, λ = 0.05 and 0.20. In the catchment of the mountain river Kamienica, a clearly asymmetric (right-hand skewed) and leptokurtic distribution of precipitation and direct runoff was observed. As far as flows were concerned, this was a typical pattern for mountain catchments. The Kamienica catchment featured the greatest differences between the mean and the median, especially in the case of rainfall. In the upland catchment of the Rudawa, similar patterns were observed for rainfall and runoff, but with much smaller runoff asymmetry. It can, therefore, be assumed that the hydrological regime of the Rudawa is much more stable and predictable than that of the Kamienica. Lower variability of the Rudawa catchment, particularly with reference to direct runoff, was also confirmed by lower values of kurtosis and coefficient of variation. CN values for both λ thresholds were higher in the Kamienica catchment, which indicated a greater potential for the formation of surface runoff in the mountain than in the upland catchment. Karst substrate present in the Rudawa catchment further improved its retention capacity and, therefore, lower CN values might be obtained. In general, variation in CN values was very low in both catchments but it was slightly greater in the Rudawa catchment. In the catchment of the Rudawa, runoff formation depended mainly on the substrate moisture conditions prior to a runoff event. In the catchment of the Kamienica, where the flysch substrate was poorly permeable, the antecedent moisture content was of smaller importance. Therefore, it can be concluded that a mountain catchment is always conducive to runoff formation, whereas in an upland catchment the role of antecedent moisture conditions (AMC) is more important due to greater substrate permeability. This was confirmed by differences between the values of CN parameter depending on λ. Higher values of this parameter indicated greater initial abstraction due to infiltration, evapotranspiration, interception or surface retention. In the mountain catchment, mean difference in CN parameter for different λ was 3.6% and in the catchment of the Rudawa it was 10.5%.
RESULTS AND DISCUSSION
According to the assumptions outlined in Materials and Methods chapter, two models were used to describe empirical variability of CN obs as a function of A total of 27 rainfall-runoff episodes were selected for the Kamienica catchment and 14 for the Rudawa. The analyses were performed for two initial abstraction coefficients λ = 0.05 and 0.20. Figure 2 presents the relationship between CN obs and P for two values of λ and approximation of variables with standard Hawkins model (model 1) in the Kamienica catchment. The figure indicates that model 1 correctly approximated the empirical data for both values of λ. A relationship between rainfall depth and CN obs was observed, wherein increasing P was accompanied by a reduction in CN obs . However, clear stabilization of CN for high rainfall described by other authors [3] , [5] , [13] was not observed. Therefore, it seems to be rather the type of relationship Hawkins [11] described as "complacent" behavior. Similar relationships were found in microcatchments of southern Poland [14] . It was suggested that the P-CN obs relationship might be a result of different runoff triggering processes, such as overland flow and rapid subsurface flow or a small rainfall that may cause a surface runoff when a catchment is characterized by a high moisture level or poor permeability. As a result, small precipitations are associated with high CN obs values. However, high values of CN obs during small precipitation may also occur when the rain reaches the soil covered with a nonpermeable layer formed due to long-lasting drought. Similar relationships were observed for the catchment of the Rudawa (Fig. 3) . The analyses were then used to develop detailed P-CN obs relationships as per the standard model that looks as follows:
The Kamienica catchment: The quality of description of P-CN obs relationship with model 1 is presented in Table 5 . The analyses revealed slightly better model accuracy for λ = 0.20. Ritter and Muñoz-Carpena [24] established a hydrological model performance rating criteria where EF < 0.5 was deemed a lower threshold for unsatisfactory. Other model performance ratings were as follows: acceptable (0.65 ≤ EF < 0.80), good (0.80 ≤ EF < 0.90), and very good (EF > 0.90). Based on these criteria, model 1 for the catchments of the Kamienica and the Rudawa was very good. Only for λ = 0.05 in the catchment of the Rudawa the model was good. Figures 2 and 3 show a theoretical value of the CN according to the tables of the original SCS-CN method [29] . For design purposes, the reliable value of CN obs should be the one for the highest precipitation. In the model 1, it is CN ∞ . In the Kamienica catchment, the values of CN ∞ were higher than CN theor determined for AMCII, and in the Rudawa catchment they were between AMCI and II. These results indicated that measures should be taken to accurately determine actual soil moisture when using the original SCS-CN method, as this parameter is crucial for calculating the amount of the direct runoff. In practice, soil moisture for normal conditions AMCII is commonly assumed, which often leads to underestimation of the catchment runoff. For example, De Paola et al. [9] suggested using AMCIII class for flow predictions when designing "sensible" structural hydraulic measures (such as detention reservoirs or floodplain storage), while for non-structural measures (such as delineation of hazard maps) this assumption may be too severe and, therefore, may require a precise evaluation of its occurrence frequency.
Figures 4 and 5 present approximation results for P-CN obs pairs for the second model 2-CN, and Table 5 shows the measures of its quality of fit. Similarly as in model 1, a decrease in CN obs was observed with increasing precipitation, and no visible stabilization of CN obs was noticed in either catchment. Table 4 shows the values of model 2 parameters determined during calibration. The assumed objective function was efficiency ratio EF (Eq. (14)). In this model, the areas with greatest probability of runoff formation (with low retention capacity) are described by parameter CN a , and those with high retention capacity are described by CN b parameter. In both catchments, CN parameters were higher for λ = 0.20. Based on the values of CN a , CN b and a, CN ∞ was calculated using the following formula:
According to Ritter and Muñoz-Carpena criteria, the model was assessed as very good in the Kamienica catchment and for the Rudawa catchment it was acceptable for λ = 0.20 and good for λ = 0.05. A comparison of these two models demonstrated superiority of 2-CN model over model 1, as indicated by slightly higher values of EF and lower RMSE for 2-CN model. This suggests that more detailed description of the catchment regarding the runoff formation, based on dividing the catchment into two zones homogeneous in terms of land cover, provides better results as far as the adoption of a single CN weighted average in the catchment is concerned. In model 2, the values of CN ∞ in the Kamienica catchment were lower than CN theor for AMCII for both λ values, and in the Rudawa catchment they were similar to AMCI. Direct runoff as a function of precipitation depth was calculated for both models and the outcomes are presented in Figures 6 and 7 . Table 6 presents quality measures of the model with reference to P-Q relationship. It is worth noting that model 2 provided more accurate outcomes of the direct runoff than the standard Hawkins model (model 1). The use of model 1 resulted in significant underestimation of the runoff, particularly for smaller precipitation. Direct runoff calculated from model 2 was very similar to that observed for the entire range of precipitation variation. This was caused by the fact that model 2 incorporated heterogeneous nature of the catchment in terms of land cover, and hence, permeability of the substrate. For relatively small precipitation, when the initial abstraction is exceeded, the runoff is first formed within less permeable areas. When the precipitation continues and all forms of retention are filled up, the runoff starts to form also from more permeable areas. In addition, considerable influence of initial soil moisture content expressed by λ on the runoff values was observed. In both catchments and both models, much smaller runoff calculation errors, and, therefore, better model quality, was obtained for smaller initial abstraction amounting to λ = 0.05. It was particularly visible in the upland catchment of the Rudawa, which further confirmed the need to verify the initial abstraction coefficient in the catchments when calculating the direct runoff according to SCS-CN method. Assumptions of the SCS-CN method [22] , [23] , [29] , the initial abstraction coefficient of λ = 0.20 is commonly used. However, many authors [2] , [12] , [19] , [28] , [32] claimed that the values of this parameter were much lower, typically reaching 0.05.
The results presented in this study corroborated this claim. 
CONCLUSIONS
The authors' aim was to assess the applicability of asymptotic functions for determining the value of CN parameter as a function of precipitation depth in mountain and upland catchments. To achieve this objective, three research hypotheses were put forward: i) the use of asymptotic functions enables to determine empirical values of CN parameter that are much more accurate in the assessment of surface runoff formation than CN values yielded by the original method, ii) CN parameter significantly correlates with precipitation depth, iii) in the catchments of diversified land use, empirical values of CN parameter determined with the use of 2-CN method provide better results than CN defined as a weighted average value for the entire catchment.
The study analyses confirmed that asymptotic functions properly described P-CN obs relationship for the entire range of precipitation variability. Even though no clear stability of CN parameter was observed for high precipitation, its values for small precipitation were markedly higher than those provided in USDA tables. In the case of high precipitation, CN obs remained above or below the commonly accepted average antecedent moisture conditions AMCII. The study calculations indicated that the runoff amount calculated according to the original SCS-CN method might be underestimated, which could adversely affect the values of design flows required for the design of hydraulic engineering projects. Therefore, appropriate measures are required in order to develop clear guidelines for the adoption of catchment moisture level when calculating the runoff using SCS-CN method. A strong correlation was found between the precipitation depth and empirical values of CN obs . Increased precipitation was followed by a reduction in CN obs . In catchments with heterogeneous land cover and variable substrate permeability, the results of CN obs were more accurate when 2-CN model was used instead of the standard Hawkins model. 2-CN model was more precise in accounting for differences in runoff formation depending on retention capacity of the substrate. This was particularly visible in the relatively flat catchment of considerable retention capacity. It was also demonstrated that the commonly accepted initial abstraction coefficient λ = 0.20 yielded too big initial loss of precipitation for infiltration, evapotranspiration, interception or surface retention in the analyzed catchments and, therefore, the computed direct runoff was underestimated. The best results were obtained for λ = 0.05.
